A total of 5,459 Israeli Holstein cows, daughters of 11 sires, were genotyped for 29 microsatellites spanning chromosome 7 and analyzed by the daughter design for 9 economic traits: milk, fat, and protein yield, fat and protein percentage, somatic cell score, female fertility, herd life, and milk persistency. Quantitative trait loci at chromosome-wise 0.05 significance were obtained for fat and protein yield, fat percentage, somatic cell score, and female fertility. Peak F-values were obtained at 29 cM for fat and protein yield and fat percentage, at 60 cM for somatic cell score, at 74 cM for herd life, and at 11 cM for female fertility. The 0.95 confidence intervals for quantitative trait loci locations were 20 cM for kilograms of fat, 27 cM for fertility, and 51 cM for somatic cell score. Two loci affecting fertility at opposite ends of the chromosome are apparently segregating in the population. A quantitative trait locus for fertility near the centromere was confirmed by application of the modified granddaughter design to a single family. Estimated frequency of the economically favorable allele in the Israeli Holstein cattle was less than 0.5. Significant genetic gain for fertility seems possible by markerassisted selection.
INTRODUCTION
Although traditional selection has been very efficient for milk production traits, which have moderate heritability, this is not the case for secondary traits, which generally have lower heritability and are more difficult to measure. Genetic trend for fertility was negligible throughout the last 20 yr in the Israeli Holstein population , and fertility has declined in the US Holstein population (Washburn et al., 2002) . Many studies have shown that genetic progress can be enhanced by selection on markers linked to QTL (Weller, 2001) . Although QTL for traits such as fertility have great potential for use in genetic improvement, the lower the heritability, the more difficult it should be to identify QTL affecting these traits (Weller et al., 1990) . Ron et al. (2004) completed a genome scan for QTL affecting economic traits in the Israeli dairy cattle population, based on a daughter design analysis of 11 sire families. Eight traits were analyzed, including female fertility, but no significant effects were found for this trait. Although only 3 markers on Bos taurus autosome (BTA) 7 were included in the genome scan, significant effects were detected in 2 families for the 5 milk production traits, SCS, and herd life. Thus, we decided to fine-map the QTL on this chromosome for all 11 families.
Significant associations of genetic markers with ovulation rate (Kappes et al., 2000; Kirkpatrick et al., 2000) and twinning rate (Lien et al., 2000) have been identified in dairy cattle. Arias and Kirkpatrick (2004) and Cruickshank et al. (2004) described a QTL affecting multiple ovulations and twinning in cattle in the centromeric region of BTA7. In both cases the QTL was identified in families with Holstein-Friesian ancestry. Arias and Kirkpatrick (2004) analyzed specific families from a genetically diverse USDA research population selected for ovulation and twinning rate. The ancestor of the family in which the BTA7 QTL was identified was a Swedish Friesian sire, son of a Canadian Holstein bull.
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MATERIALS AND METHODS

Population
Semen samples of the 11 Israeli-Holstein sires and blood samples of 6,040 of their putative daughters were analyzed. All cows were genotyped for at least 5 microsatellites to confirm paternity as described by . Cows that did not have either of the alleles of their putative sire for at least 2 loci were assumed to have incorrect paternity identification and were deleted from further analysis, leaving 5,639 cows with confirmed paternity. There were 5,459 cows with at least 1 marker genotyped on BTA7 and genetic evaluations for production traits. The number of daughters per sire is given in the last row of Table 1 .
Genotyping Methods
The DNA from frozen blood or semen was extracted by the salting-out procedure (Ma et al., 1996) . The DNA was diluted to 7 ng/L, and 5 L was aliquoted to 96-well and 384-well plates using the Hydra robotic system (Robbins Scientific, Sunnyvale, CA). The DNA in plates was dried and stored at −20°C. The PCR protocols for DNA isolated from semen and blood cells were as described by Ron et al. (1995a) using a DNA engine thermocycler (MJ Research Inc., Waltham, MA). Annealing temperatures of PCR ranged from 55 to 64 degrees, with 30 cycles of amplification. The PCR reactions were run on the ABI 377 DNA sequencer (Applied Biosystems, Foster City, CA). Automated fragment analysis, size calling, and binning were then used by GeneScan (Version 3.1) and Genotyper (Version 2.0) genetic software (Applied Biosystems) to identify the alleles of each of the microsatellite loci.
Sires were genotyped for a total of 29 microsatellites spanning nearly the length of BTA7. In a daughter design, markers are genotyped only for those microsatellites for which their sires were heterozygous. The number of cows genotyped per marker and the number of informative daughters per marker are given in Table  2 . For a daughter design analysis, markers are informative only if the daughter genotype is different from the sire (Ron et al., 1995b) . The numbers of daughters genotyped per sire per marker are given in Table 1 . Each family was genotyped for at least 6 markers. The total number of valid genotypes was 47,083. Of these, 33,007 (0.70) were informative, which is similar to previous results for this population . Only recombination events of the sires are of interest for this analysis. The male genetic map was computed by the fixed option of CRI-MAP (http://linkage.rockefeller.edu/soft/crimap/), using the marker order given by the US Meat Animal Research Center (MARC) linkage map (http://www.marc.usda.gov/genome/cattle/ cattle.html). Marker map locations by CRI-MAP and the MARC map are also given in Table 2 . The map derived in our analysis was 24% longer than the corresponding MARC map. This is somewhat surprising considering that the male recombination map is generally shorter than the female recombination map, and the MARC map is sex-averaged. However, our map is based on the meioses of only 11 bulls, and the number of bulls contributing to the map at the extreme ends is even less. Major discrepancies between the 2 maps were obtained at the beginning of the chromosome and in the region of marker IL4. Deleting these markers from the analysis did not appreciately affect the map length. Furthermore, an alternative map was constructed using the build option of CRI-MAP, but this map was 8 cM longer than that derived from the MARC order. The accuracy of MARC marker order was also tested by the flip option of CRI-MAP. This option compares the likelihood obtained by the primary map, in this case the MARC order, to the likelihood obtained by reversing the order of each pair of markers sequentially. Two flips, between BM9289 and IDVGA90 and between BMS713 and DIK4378, resulted in increased likelihood. The flip option was again applied on the revised order, but no significant new flips were found. Length of the revised map was then determined by the fixed CRI-MAP option. Although the base-10 logarithm likelihood was increased by 15 relative to the MARC order, the map length was only reduced by 1 cM. Therefore, the MARC order was used for all further analyses.
Marker information content was computed over all families and is plotted in Figure 1 . Information content was highest near position 30 cM, and there was a secondary peak near position 90. Information content was greater than 0.5 from the beginning of the chromosome to position 100 cM.
Genetic Evaluations
The official Israeli Holstein genetic evaluations are computed twice yearly at the Agricultural Research Organization. All analyses were based on the June 2006 evaluations, and the genetic base was the mean EBV of cows born in 2000. The EBV for 305-d milk, fat, and protein production, SCS, female fertility, and milk persistency were computed by multitrait animal models, preadjusted for calving age and month . Milk persistency was defined as the predicted milk production 180 d after peak divided by peak production in percent . Female fertility was computed as the inverse of the number of inseminations to conception (Weller and Ezra, 1997) . Evaluations for herd life were computed by a single trait animal model as described by Settar and Weller (1999) . The EBV for fat percentage were derived as follows:
where BV FP , BV F , and BV M = the EBV of the cow for fat percentage, fat yield, and milk, and M F , M M , and M FP = mean adjusted first-parity fat yield, milk, and fat percentage of cows born in 2000. The EBV for protein percentage were computed similarly with protein yield and percentage, instead of fat yield and percentage. Numbers of records and the means and standard deviations of the EBV of the cows genotyped for the 5 production traits, SCS, herd life, female fertility, and milk persistency are given in Table 3 , and the correlations among the evaluations are given in Table 4 .
QTL Linkage Analysis
Preliminary QTL analysis for all markers was by the following model:
where BV ijkl = the EBV for trait i of cow l, daughter of sire j, that received paternal allele k; S ij = the effect of sire j on trait i; M ijk = the effect of paternal allele k of sire j on trait i; and e ijkl = the random residual associated with each record. A significant paternal al- lele effect is indicative of a segregating QTL linked to the genetic marker. For all 9 traits, interval mapping was performed by the algorithm of Spelman et al. (1996) considering all 11 families jointly. Chromosome-wise significance values were determined by a permutation analysis (Churchill and Doerge, 1994) separately for each trait. Two thousand permutation samples were generated, and the empirical 0.005, 0.01, and 0.05 significance levels were compared with the nominal, or comparison-wise, significance levels of the highest F-value for each sample.
Traits with significant within-family effects (absolute value of the contrast > twice the standard error) for at least 3 families were reanalyzed. The 0.95 and 0.90 confidence intervals (CI) for the QTL location were determined by the bootstrap method (Visscher et al., 1996; Ron et al., 2001 ) including only families with significant contrasts at the overall F-value peak. Chromosome-wise significance values for each number of families with significant contrasts were also determined by the permutation analysis of a single trait, SCS. In each permutation sample, interval mapping was performed on the families with significant contrasts. Critical F-values for the 0.01 and 0.05 significance levels were determined separately for each number of families with significant contrasts. Interval mapping was not performed for permutations in which there were no families with significant contrasts. In addition, all 11 families were analyzed separately for the traits with significant contrasts in the joint analyses. The program of Spelman et al. (1996) was modified so that haplotype effects at each centimorgan were printed. If in the individual family QTL analysis 2 test statistic peaks were obtained for a single trait, and the sign of the effect changes in the valley between the 2 peaks, then the 2 effects are in repulsion for this sire. Otherwise, the 2 QTL are in coupling phase.
Modified Granddaughter Design
Significant effects were verified by application of the modified granddaughter design to a single sire family, 3070 (Weller et al., 2002) . This family was chosen, because it was segregating for QTL effects on most of the traits analyzed, and a large number of maternal granddaughters were available for analysis. Six markers heterozygous in this grandsire spanning positions 14.7 to 30.5 cM of BTA7 were genotyped for 605 maternal granddaughters and 15 of their sires. These markers are denoted by an asterisk in Table 2 . As described by Weller et al. (2002) , granddaughter records were deleted if there were less than 2 microsatellites with ascertainable genotypes or if there was a conflict between genotypes of granddaughters and of their re- spective putative sires. After these edits, there were 540 valid granddaughter records. For each trait, putative position of the QTL was varied across the chromosomal segment to obtain the location with the greatest contrast between the grandpaternal alleles. Allelic frequencies were estimated for significant QTL effects as described by Weller et al. (2002) .
RESULTS
The F-values, comparison-wise, and corresponding chromosome-wise probabilities from the permutation analysis of all 11 families are presented in Table 5 for the 0.005, 0.01, and 0.05 chromosome-wise probabilities. Results are not presented for percentage of protein, milk persistency, and herd life, because F-values for the actual data did not approach nominal significance for these traits (Table 6 ). The F-values at each significance level were similar for all 6 traits, but minor differences in the F-values result in major differences in the nominal probabilities at extreme values. The average F-value and comparison-wise probability for all 6 traits are given in the last row. Using these values, the chromosome-wise probabilities are approximately 7-fold the comparison-wise probabilities at all 3 significance levels. The results of the analyses of the Contrast was not significant at the peak likelihood of the joint analysis of all families but was significant in the individual family analyses. *P < 0.05; ***P < 0.005.
families with significant contrasts from the permutation analysis of SCS are presented in Table 7 . There were 391 permutations with no significant within-family contrasts but only 19 permutations with 4 significant within-family contrasts. For permutations with 3 significant family contrasts, the 0.05 and 0.01 critical F-values were 8.4 and 9.2. The maximum F-values, the comparison-wise Fprobabilities, and the denominator degrees of freedom for the interval mapping analyses of all 11 families are presented in Table 6 . The F-values for fat yield and percentage were significant at the 0.005 chromosomewise level, whereas protein yield, SCS, and fertility were significant at the 0.05 chromosome-wise level. The families with significant contrasts (P < 0.05) are also listed. There were 6 families with significant contrasts for female fertility, 5 families for fat yield and female fertility, and 3 families for each of the other traits with chromosome-wise significance. Of the 6 families with significant contrasts for fertility, 5 were significant at the position with the overall peak Fvalue. There were also 3 families with significant contrasts for herd life, even though the F-value was below the critical value, but only 1 was significant at the position of the peak F-value. The peak F-values for the 3 milk production traits were all at 29 cM. Sire 2357 had significant contrasts for all 3 traits. Furthermore, the directions of the effects were the same for all 3 traits; the haplotype associated with increased fat was also associated with increased protein and fat percentage. This was also the case for sires 2283, 3241, and 3274. For sire 3212, the significant effects on fat and protein were in the same direction, but the nonsignificant effect on fat percentage was not. Thus, it is likely that the same QTL is responsible for the effects observed on these 3 traits. The QTL affecting female fertility is clearly different from the other effects detected.
The interval mapping results for the significant families are plotted in Figures 2 to 7 for fat yield, fat percentage, protein yield, SCS, female fertility, and herd life. The overall F-value for all families with significant effects and the individual family F-values are plotted. In addition to the 5 sires with significant contrasts for fertility near the centromere, 2 sires had significant contrasts for fertility near the acrocentric end of the chromosome, 3258 and 3274. Sire 3258 had significant contrasts at both locations. The effects of the 2 QTL are in repulsion, because the signs of 2 effects were different. Thus, the haplotype associated with increased fertility near the beginning of the chromosome is associated with reduced fertility near the distal end. In this case, the positions of both peaks should be biased outward (Ron et al., 2001 ).
The maximum F-values, their positions, and the CI for QTL location for families with significant contrasts are given in Table 8 for traits with 0.05 chromosomewise significance and herd life. Although the probabil- results in Table 7 . Both fat yield and fertility can be considered significant at the 0.005 level, because there were only 4 permutation samples out of 2,000 (0.002) with 5 within-family significant contrasts. Considering only the families with significant contrasts, the peak F-value for herd life shifted from position 20 to 74 cM. Two of the 3 sires with significant contrasts, 2357 and 3070, had peak F-values near this families with significant contrasts near the middle of the chromosome for herd life also had significant contrasts for SCS. For all 4 sires with significant effects for either SCS or herd life, the haplotype associated with decreased SCS was associated with increased herd life. This result corresponds with the −0.3 correlation between the genetic evaluations for these traits (Table 4) .
The estimated substitution effects for the individual families are also given (Table 8 ). The substitution ef- The joint interval mapping analysis for fertility did not include sire 3274, and estimation of the 0.95 confidence interval did not include sires 3258 and 3274.
fects ranged in magnitude from 0.1 to 0.5 units relative to the phenotypic standard deviations in Table 3 . Because EBV of cows were analyzed, these values underestimate the actual substitution effects (Israel and Weller, 1998) . On the other hand, the effects deemed significant are a selected sample and therefore overestimate the actual substitution effects, unless the estimated effect is much greater than the critical value for selection . The substitution effects were estimated from the peak with the highest F-value regardless of chromosomal location. Sire 2357 had the greatest contrast for fat yield and percentage but not protein yield.
In general, effects for bulls were similar for each trait. The exceptions were the effects of sire 3274 on fertility and herd life. For herd life, the effect associated with this bull was more than double the effects associated with the other bulls. For both traits, the contrasts estimated were in 2 different chromosomal locations, as shown in Figures 6 and 7 . For female fertility, the peak F-values for bulls 3258 and 3274 were near positions 120 cM, whereas for the other bulls, the peak values were near the centromere. Sire 3258 was apparently heterozygous for both QTL, but the peak near position 120 cM was higher. For herd life, the maximum F-value for sire 3274 was near the centromere, whereas the peak values for the other 2 bulls were near the middle of the chromosome. Sire 3274 was not heterozygous for any of the markers from positions 0 to 24 cM. The fact that the F-value for this bull was relatively high from positions 0 through 120 cM indicates that probably more than a single QTL affecting herd life is segregating for this sire.
A CI was not computed for herd life, because this trait was not significant at the 0.05 chromosome-wise level, and the curve for sire 3274 was clearly different from the other 2 bulls. The 0.95 CI are presented for all other traits. As expected, the CI generally decreased with increase in significance. The 0.95 CI for fat yield spanned only 20 cM. The CI for fertility and SCS did not overlap, clearly indicating that different QTL are responsible for these effects. Because 2 QTL are apparently segregating for fertility in sire 3258, the CI for female fertility was estimated without this sire. There was minimal overlap between the CI for the QTL affecting female fertility and the QTL affecting fat yield.
Results of the modified granddaughter design analysis for sire 3070 are presented in Table 9 . Significant contrasts were found for female fertility and herd life, confirming the daughter design results for these traits but not for SCS. However, the maximum F-value for SCS for sire 3070 was at position 57, well outside the chromosomal segment analyzed by the modified granddaughter design. For both traits, the maximum contrast was obtained for the interval between DIK2211 and BL5, at 27 cM, which was 1 cM from the location of the peak value for fertility for sire 3070. The substitution effects obtained by the modified granddaughter design were very similar to the effects obtained by the daughter design analysis. For both traits, the estimated frequencies for the positive QTL alleles were <0.5, but the standard errors of these estimates were so large that the entire range of 0 to 1 is within the CI.
DISCUSSION
Even though a highly significant effect on milk persistency was found in the individual marker analyses for DIK2211, the F-value from the interval mapping analysis was not significant for this trait. Previous studies in other populations did not find significant effects for milk persistency on BTA7 (Boichard et al., 2003; Harder et al., 2006) . The large effect on fat yield found in this study was not found in other populations, although an effect on protein yield was found in French Holsteins in the same chromosomal region (Boichard et al., 2003) and also near position 115 cM (Heyen et al., 1999) . Effects on SCS near the middle of the chromosome were found in US and German Holsteins (Ashwell et al., 2001 (Ashwell et al., , 2004 Kuhn et al., 2003) and near the distal end of BTA7 (Heyen et al., 1999) . The effect on herd life was not significant at the 0.05 chromosome-wise level but was significant in the modified granddaughter design analysis of a single family. Effects on female fertility were detected in the same chromosomal regions that Arias and Kirkpatrick (2004) , Cruickshank et al. (2004) , and Lien et al. (2000) found effects on twinning and ovulation rate. Of course, the number of QTL claims in dairy cattle is now so extensive, especially for production traits, that QTL for all traits analyzed have been detected on nearly all chromosomes. Therefore, the question of verification is of paramount importance.
The verification of female fertility by the modified granddaughter design is the second case in which a QTL detected by a daughter or granddaughter design was verified by this method (Weller et al., 2002 ) and the first case for a nonproduction trait. Unlike the QTL for protein percentage on BTA6, it was not possible in the current analysis to obtain accurate estimates for the QTL allelic frequencies for either fertility or herd life, because the QTL effects in the current study were much smaller relative to their standard errors. The relationship between the standard error for allelic frequency and the QTL effect was demonstrated by Weller et al. (2002) for simulated data. Nevertheless, assuming the estimated frequency of 0.38 for the allele that increases fertility, then the expected frequency of heterozygous sires, assuming Hardy-Weinberg equilibrium, is 0.47. In fact, their frequency for the QTL near the centromere was 5/11 = 0.45, which is nearly perfect correspondence. Likewise, assuming the estimated frequency of 0.15 for the favorable allele for herd life, then the Hardy-Weinberg frequency of heterozygous sires is 0.27, is in agreement with the realized number of heterozygote sires (3/11) = 0.25. The modified granddaughter design analysis indicated that the frequencies of the favorable alleles in the Israeli Holstein population are <0.5 for both fertility and herd life, implying that there is significant scope to apply marker-assisted selection. This was not the case for the ABCG2 polymorphism on BTA6, in which the favorable allele for milk protein percentage is already at high frequencies in nearly all dairy cattle populations (Cohen-Zinder et al., 2005; Ron et al., 2006) . Application of the modified granddaughter design to identify QTL with favorable alleles at low frequencies may be used to determine priority for quantitative trait nucleotide identification. Sartori et al. (2006) found that multiple ovulating cows have a significantly higher circulating progesterone concentration on d 7 and a tendency for a greater conception rate on d 25 to 32 than single ovulators. Such hormonal change could have positive effects on fertilization and early embryonic development (Kerbler et al., 1997) . Thus, it is possible that the QTL affecting ovulation rate and twinning detected in the centromeric region of BTA7 (Lien et al., 2000; Arias and Kirkpatrick, 2004; Cruickshank et al., 2004 ) is the same QTL that was found to affect conception rate in the current study.
Recently, Ron and Weller (2007) reviewed methods to determine the polymorphism responsible for QTL detected in animal populations. The methods described, including determination of likely candidates and linkage disequilibrium mapping, will be used to ascertain the causative polymorphisms for the QTL described in this study.
